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characteristics of mixing of fuel with air. However, the velocity information around the 
injection hole is extremely scarce because it is generally difficult to measure velocity 
fields of complex supersonic flows. Therefore, the velocity fields around the transverse 
injection hole in the supersonic flow were measured using the particle image 
velocimetry (Prv) in order to clarhy the flow fields produced by the interaction between 
the transverse sonic jet and the supersouic main flow. 
The basic assumption of velocimetry using tracer particles as Prv is that the velocity 
of the tracer particle equals to the fluid velocity. This assumption is mostly vahd for 
incompressible low'speed flows. However, it is often invalid in supersonic flows, where 
shock waves appear and produce discontinuous changes of the fluid velocity across 
them. The tracer particles cannot follow such sudden velocity changes. An essentially 
similar delay of particle response occurs in a strong expansion fan and in a strong 
vortex core where velocity gradients are very steep. Thus, the particles cannot 
accurately follow the fluid motion. These differences produce large errors in the 
velocity measurement using tracer particles, but it is generally difficult to estimate the 
magnitude of these errors. Therefore, the response delay of the tracer particles is one of 
the most serious problems in the supersonic velocity measurement using the tracer 
particles such as Prv, Iaser Doppler velocimetry (LDV), planar Doppler velocimetry 
(PDV), and particle tracking velocimetry (Prv). 
In order to approach the problem of the response delays of the tracer particle in Prv, a 
correction method was developed and was apply to the measured velocity data in this research. 
A general equation for the correction method was derived fiom the particle motion equation. 
Then, three types of the correction methods based on the Stokes and the Henderson drag laws 
were derived. These correction methods can be used to calculate the corrected velocity from the 
local values of the measured velocity, its spatial gradient, and the thermodynamic state of fluid 
without the need to solve the whole flowfield. If the particle velocity and the total temperature 
of the flow are given, the correction method based on the Stokes drag law can be used to obtain 
the corrected velocity. If the total pressure of the fluid is given in addition to the particle 
velocity and the total temperature of the fluid, the drag coefficient like the Henderson drag 






number can be used for the correction. These correction methods were numerically validated in 
order to select the valid corrected solution because two solutions were obtained fiom the 
correction equation. The results showed that the weak solution that the correction value was 
smaller than another was the valid solution for the practical range of the flow condition. 
The error of the corrected velocity due to the error of the Stokes drag coefficient was 
also investigated numerically evaluating the difference between the correction methods 
based on the Stokes and the Henderson drag laws. Although the influence of the error 
of the Stokes drag coefEcient was not neglected, the corrected velocity was closer to the 
real fluid velocity than the original particle velocity was and the correction method 
based on the Stokes drag law decreased the region where the influence of the response 
delay of the particle was large. The maximum error due to the error of the Stokes drag 
coefiicient was estimated about 35 o/Q of the upstream main flow veloeity in the region 
downstrealn of a normal shock wave of the Mach 2.4 flow at total temperature 300 K. It 
was about a half of the error of the measured velocity that was about 68 o/o of the 
upstream main flow velocity As the angle of the shock wave decreases, the error also 
decreases. For the oblique shock wave whose angle was about 45 degree, the error was 
about 5 Q/Q of the upstream main flow velocity. 
The influence of the flow field unsteadiness on the correction method was also 
investigated. The influence of the flow unsteadiness was small enough to neglect when 
the gradient of the particle velocity and the fluid velocity. were small. It could not be 
neglected when the gradient of the particle velocity and the fluid velocity were large as 
seen in the region downstream of the shock waves. However, in the present estimation 
for the flow fields produced by the fluctuating shock wave, the error of the corrected 
velocity depending on the flow unsteadiness was estimated at about 10 o/o of the main 
flow velocity. It was much less than the original error estimated at about 68 olo. 
The correction methods were also validated for the measured velocity data. Before 
these validations, the diameter of the tracer particle for our experiments was estimated 
from the velocity distribution downstream of the normal shock wave. The diameter of 
the tracer particles for Prv in the transverse jet experiments is about 1.0 um in the 
supersonic flow. The weak correction solution was a valid solution for the correction of 
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the measured velocity as in the numerical validation. The both correction velocities 
based on the Stokes and Henderson drag coefficients were closer to the theoretical 
velocity than the particle velocity was in the region downstream of the oblique shock 
wave. Because of the rarefaction effect, the corrected velocity obtained with the 
Henderson drag coefficient was in better agreement with the theoretical value than 
that obtained with the Stokes drag coefEcient was. A corrected velocity calculated from 
the measured velocity was close to the theoretical velocity downstream of the bow 
shock wave in the transverse jet flow field. From the comparison between the 
streamlines and the peak position of the planar laser induced fluorescence (PLIF) 
signal, it was confirmed that the correction method was also effective to correct the 
streamlines. 
The velocity fields for the single transverse injection were measured using Prv. The 
mole fraction of the injectant was also measured. The influence of the injection angle to 
those fields was investigated. A correction method based on the Stokes drag coefEcient 
was applied to the Prv data to cancel and investigate the influence of the lag of the 
tracer particles. The Prv system used in this experiment could accurately measure the 
qualitative features of the shock waves and the streamwise vortices in this 
experimental condition. The influence of the response delay of the tracer particles was 
large in the downstream region of the shock waves from the comparison between the 
original and corrected velocity The correction method could correct the influence of the 
centriftigal force in the central region of the strong vortex. The response delay of the 
particles changed the circulation and the streamwise component of the vorticity 
However, the difference between the corrected and original values of them was not 
large. Therefore, the relative relation of the circulations or the vorticity component 
between the 90, 60, 30, and 15 degrees angled injection cases did not change in this 
experiment. The angle of the bow shock wave and the reflected shock wave were larger 
as the angle of the injection increased. The streamwise vortices produced by jet 
deformed frorn V shape to - (minus) shape. Then they became A shape. Finally, they 
became 11 shape. The deformation was observed more downstream as the angle of the 















on the cross-sectional plane became higher as the angle of the injection decreases in 
this experiment. The circulations were almost the same and about 2 m2/s for all cases 
measured in this research. For the injection condition measured in this research, the 
maximum mole fraction decreased as the angle of the injection increased. On the other 
hand, the penetration height was highest in the 15 degrees injection cases. 
The influences of the angle of injection and the interval of injection holes on the flow 
fields were investigated to clarify the influence of the interaction between the twin jets 
on the streamwise vortices and the other features of flow field. The twin jets injected to 
the supersonic flow were measured with Prv and several other flow measuring 
methods. A correction method based on the Stokes drag coefiicient wa~ applied to the 
PIV data to cancel and investigate the influence of the lag of the tracer particles. 
Three-dimensional streamwise vortices produced by the twin jets were visualized, and 
the strength of these vortices was evaluated for each case. The mole fraction 
distribution of the injectant was also measured. The strengths of the outer vortices of 
the twin jets were almost same in all cases. The circulations of the outer vortices were 
conserved in the downstream region. On the other hand, the strengths of the inner 
vortices of the twin jets were higher as the angle of the injection was lower and the 
interval of the injection holes was larger. Because of the transportation caused by the 
inner and outer streamwise vortices, the two cores of jets coalesced each other, and 
became a single core in the high angled injection case. On the other hand, there 
remained two separate cores of the jets in the low angled injection cases. Since the 
coalesce of fuel jets is not desirable for mixing enhancement because of the reduction of 
the contact surfaces area between fuel and air, the low angled multi-port injection was 
better than the high angled injection if the interval of the injection port is close. 
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 論文審査結果の要旨
 将来の宇宙輸送システム用エンジンとして有望視されているスクラムジェットの実胴化に向けて,最
 も重要な課題の一つに超音速空気流中に噴射した燃料の迅速な混合がある。亜音速流において乱流混合
 を支配する大規模な横渦構造の発達が,超音速流中では圧縮性効果によって抑制されるために,渦中心
 が主流方向を向いた縦渦の導入などによって混合の促進を図る必要がある。しかし,噴射を伴う複雑な
 超音速流の速度場の実験による計測は,その重要さにもかかわらず,多くの困難と精度の低さから;十
 分に行われて来なかった。近年,粒子画像速度計則法(PafticlelmageVdocimeもエy:PIV)などの,気
 流中に混入したトレーサー粒子にレーザを照射しその速度を測定する方法が盛んに使用されているが,
 衝撃波,膨張波,強い渦など気流速度ベクトルが急変する所では,トレーサー粒子が変化に追随できず,
 大きな誤差を生む。本研究は,トレーサー粒子の気流追随遅れに対する補正法を定式化し,その有用性
 と誤差を数値的並びに実験的に検証した後,PIVにより測定した壁面噴射孔から超音速流中年噴射を行
 った際に生する禍及び流れ場に補正を施し,噴射角度及び噴射孔間隔が噴流の挙動と混合に及ぼす影響
 を解明した。本論文は,これらの研究成果をとりまとめたものであり,全編6章からなる。
 第1章は序論であり,本研究の背景,目的および構成を述べている。
 第2章では,微小粒子の運動方程式より,測定されたトレーサー粒子速度から真の流体速度を求める
 補正方法を世界で初めて定式化し,流体速度が局所の粒子速度等の代数方程式の解として求まることを
 朋らかにしている。次いで,粒子が気流から受ける抗力を記述する抗力係数の種類と測定可能な量に応
 じて,その方程式の3種類の解法を示し,得られる解の個数と適切な解の選択並びに補正法の誤差につ
 いて論じている。さらに,抗力係数の誤差や気流の変動に起因する流体速度の誤差について検討を行っ
 ている。これは極めて重要な成果である。
 第3章では,第2章で導かれた粒子追随遅れの補正法を実験により検証している。まず,トレーサー
 液滴の直径を垂直衝撃波通過時の追随遅れから求め,次いで超音速流中に壁面から垂直噴射を行った場
 合の中心断面におけるPIV計測結果に対してStokesの抗力係数を用いた補正を行い,衝撃波による減
 速が急峻になり,衝撃波背後の速度が理論値に近づくこと,流線の補正も可能であることを示している。
 これは,粒子追随遅れ補正法の有効性が実証するもので,実馬上有用な成果である。
 第4章では,噴射角度の異なる単一の噴射孔から噴射を行った場合に形成される流れ場の3次元速度
 分布をPWによって測定し,粒子追随遅れの補正を行ったデータにより,渦と流れ揚の特徴と噴射角度
 の影響を調べている。噴射により形成される満の中心付近では遠心力により生じる比較的大きな誤差が
 補正されている。しかし,渦の挙動やその強さは補正の影響をほとんど受けずゴ噴射角度が小さいほど
 渦度の最大値は大きくなるが,循環値にはほとんど影響しないことなど,従来ほとんど知られていない
 噴射に伴う渦の挙動と特性を明らかにしている。これは,新たな有用な知見である。
 第5章では,2個の噴射孔の噴射角度及び間隔を変えて,形成される流れ場の特徴を調べている。噴
 射孔間隔が狭く噴射角度が大きいほど2つの噴流の合体が進み,噴流の問に形成される渦が弱まりつい
 には消滅することを示している。これは,実用上重要な知見である。
 第6章は結論である。
 以上要するに本論文は,トレーサー粒子を用いた速度計測の大きな誤差要因である粒子追随遅れに対
 する補正法の定式化を行い,それを超音速流中への噴射により誘起される流れ場の速度計測に適用し,
 混合促進に大きな影響を持つ渦の構造と特徴を解明したもので,航空宇宙工学および推進工学の発展に
 寄与するところが少なくない。
 よって,本論文は博士(工学)の学位論文として合格と認める。
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